Introduction
The public health problems posed by drug-resistant Mycobacterium tuberculosis coupled with the global rise in tuberculosis itself present a serious threat to human health (Hueber et al, 1995) and necessitate the development of new drug targets and drugs. The unique D-arabinans of the mycobacterial cell wall are present in two settings, as part of the cell wall complex (i.e., the mycolylarabinogalactan-peptidoglycan (mAGP) complex and lipoarabinomannan (LAM)), and in view of the xenobiotic status of D-arabinofuranose (D-Ara/) in the human host (Besra and Chatterjee, 1994; Brennan and Nikaido, 1995; Lee et al., 1996) , arabinan synthesis provides an attractive target for the development of new drugs. We have described the composition (Wolucka et al, 1994) and chemical synthesis (Lee et al., 1995) of the immediate arabinose donor [l-
I4 C]-f}-Darabinofuranosyl-1 -monophosphoryldecaprenol (DP[
14 C] A) and then developed an arabinosyl transfer assay with mycobacterial membranes as enzyme source and a cell wall fraction as the source of acceptors (Lee et al., 1995) . The synthesized product was complex but, according to size-exclusion chromatography, consisted of 50-70 glycosyl residues and therefore was probably the result of the action of the different arabinosyl and other glycosyl transferases responsible for the numerous glycosyl linkages within mAGP and LAM (Xin et al., 1997) . The anti-tuberculosis drug ethambutol (EMB) partially inhibited these transformations, further supporting the evidence (Miku5ov£ et al., 1995; Belanger et al, 1996) that it acts through inhibition of one or more arabinosyl transferases. However, this assay is not readily amenable to the differentiation of the various arabinosyl transferases or the more precise definition of the target of EMB, or the development of highthroughput screens required in the search for new inhibitors of arabinan biosynthesis. Toward these ends, a variety of arabinoside acceptors were synthesized, which proved to be suitable for the creation of a variety of end-products partially emulating the linkages within the native arabinans.
Results

Features of the arabinosyl transfer assays
The selected O-and 5-alkyl arabinoside acceptors ( Figure 1 ) were synthesized in good yield and purity ( Figure 2 ) and applied to a study of the specifications and requirements of die arabinosyl transferase activities in the membranes of M.smegmatis in which DP[ 14 C]A was the constant [ 14 C]Ara/donor. None of the O-and 5-alkyl monoarabinosides acceptors were found to be applicable to the simple assay. Consequently, a variety of diarabinosides and triarabinosides acceptors were synthesized. The triarabinosides, a-D-Ara/-(l->5)-a-D-Ara/-(l->5)-a-D-Ara/-1-S-(CH 2 ) 7 CH3 (acceptor 2) and a-D-Ara/-(1^5)-a-D-Ara/-(l->5)-a-D-Ara/-o/p-l-OMe (acceptor 9), proved to be more effective in the assay than the corresponding diarabinosides ( Figure 3A,B) . However, die difference in acceptor activity hardly warranted the syndiesis of a whole series of trisaccharides based on varying chain lengths. A comparison of the acceptor properties of the two anomers, a-D-Ara/-(1^5)-a-D-Ara/-l-O-(CH 2 ) 7 CH3 (acceptor 4) and a-D-Ara/-(l->5)-3-D-Ara/-l-O-(CH 2 ) 7 CH3 (acceptor 5), demonstrated that the a-anomer (acceptor 4) was more active than die (3- 
(acceptor 5). Thin-layer chromatography was performed using CHCyCH 3 OH/H 2 O/conc. NH 4 0H (65:25:2:2) and products revealed through chemical charring using a-naphthol.
anomer (acceptor 5) ( Figure 3C ), in accord with the configuration of the majority of the Ara/ residues in the cell wall arabinans. Accordingly, the more easily synthesized adiarabinosides were chosen for further study.
A concentration of 2 mM of acceptor 4 resulted in maximum transfer activity with concentrations of >10 mM leading to significant inhibition of the transferase activity, presumably due to the detergent properties of the higher concentrations of the acceptor adversely affecting enzymatic activity. Conversely, at its optimal concentration, the lipophihc properties of the acceptor apparently allowed solubilization of the donor, thus obviating the need for die detergent Nonidet P-40 in the assay, a useful feature when measuring enzymatic activities in cases where donor and acceptor concentrations are constant. In this way, it was established that no significant loss in enzymatic activity occurred over the range of pH 6-8.
The nature of the O-alkyl chain of the diarabinoside acceptor proved to have an effect on the extent of [ 14 C]Ara/ transfer achieved in these assays ( Figure 3D ). The optimum alkyl chain length was found to be C 6 -C 8 , while the Ci 0 (dec-9-ene) product had comparable activity. Interestingly, the C 12 -based acceptor at 2-5 mM was found to be inactive, presumably due to the detergent-type properties of the acceptor, which was tested initially at concentrations above its critical micellular concentration. However, lower concentrations of the C 12 -based acceptor at 0.1 mM (889 c.p.m.) and 0.5 mM (1229 c.p.m.), below die critical micellar concentration, resulted in only moderate transferase activity in comparison to the C 6 -C 8 -based acceptors. The presence of unsaturation at the terminal position of the alkyl chain had little influence on physical or acceptor properties. Nevertheless, diis function was retained in the synthetic products for purposes of further conjugation, modification, or application. For instance, the C 10 (dec-9-ene) diarabinoside has potential as an affinity matrix for the isolation of arabinosyl transferases, and acceptors with C 6 -C 10 alkyl chains lend themselves to ready isolation of end products, since reaction mixtures containing them can easily be purified in the butanol-saturated water and water-saturated n-butanol biphasic mixture. Overall, the maximum acceptor activity was associated with alkyl chains smaller than those of previously reported neoglycolipid acceptors, all hexose-based (Pingel et al., 1995) , probably due to the less polar properties of the pentosyl O-and S-alkyl diglycosides.
Product analysis
TLC/autoradiography clearly demonstrated the enzymatic conversion of the disaccharide-and trisaccharide-based acceptors to the corresponding trisaccharide-and tetrasaccharidecontaining products ( Figure 4 ). It is clear from the absence of all radioactivity in the products arising from the control assay (lane 1) that elimination of the donor DP[ 14 C]A was effective through the use of disposable anion exchange cartridges. Further advantages of the water/n-butanol partitioning steps were removal of any possible traces of free [
14 C]Ara and of salts which would hinder resolution of the enzymatically synthesized products. The addition of the S-alkyl diarabinoside (acceptor 1) to the assay resulted in the emergence of a new enzymatically synthesized [
14 C]Ara-containing product (lane 2) which had the same chromatographic mobility as the synthetic 5-alkyl triarabinoside (acceptor 2). The inclusion of this 5-alkyl triarabinoside (acceptor 2) resulted in the appearance of a more polar product indicative of enzymatically synthesized .S-alkyl [ 14 C]Ara/-containing tetraarabinoside (lane 3). Similarly, the addition of the a-(acceptor 4) and (3-(acceptor 5) anomers of the (3-aIkyl diarabinosides resulted in the synthesis of [
14 C]Ara/-containing products with the chromatographic properties of the corresponding 0-alkyl [ l4 C]Ara/triarabinosides (lanes 5 and 6).
The newly synthesized products resulting from the arabinosyl transferase activities were further characterized from assays containing acceptors 2 and 4 and nonradiolabeled DPA. ES-MS (Figure 5A3 ) revealed strong molecular ions: 525.4 (M-H) for the product of acceptor 4 corresponding to a-r>Ara/-(l-»?)-a-r> 7 CH 3 . Thus, both products showed a gain of m/z 132 over the weight of the initial acceptor, providing direct evidence for the addition of an extra pentosyl unit Further evidence for the addition of new Ara/ units to acceptors 2 and 4 was sought through glycosyl linkage analysis. GC-MS analysis of the partially per-Omethylated, per-O-acetylated alditol acetates revealed the introduction of a 2-linked Ara/ unit and an increased amount of 5-linked Ara/in the products resulting from acceptors 4 ( Figure 6A ) and 2 ( Figure  6B ), demonstrating that DPA can donate both ot(l-»5) and P(l-»2) Ara units, producing, in each case, a mixture of terminally linked a(l->5>Ara/and 3(1-»2)-Ara/ end-products. This large-scale "cold" DPA incorporation experiment provided sufficient material to obtain 'H-NMR spectra of the enzymatically RJLLee, PJ.Brennan and G^.Besra 
Anfil-^Sya-D-Anf-l-O-dCH-^jCHj and 673.5 (M-H) for the product of acceptor 2 corresponding to a-
(acceptor 4) and a-r>Ara/-<l->5Vp-r>Ara/-l-O-(CH 2 ) 7 CH3 (acceptor 5). TLC/ autoradiography was performed using CHC[-i /CHyOWH 2 O cone. NH,OH (65:25:2:2) and products revealed through exposure to Kodak X-Omat film at -70°C for 48 h. synthesized products. In comparison to the parent acceptor data (see Experimental), the anomeric region 8 4.8-5.2 was well resolved and allowed for the assignment of all the anomeric protons ( Figure 7) . From the integration of these resonances it was possible to calculate the glycosyl linkage composition of each enzymatically synthesized product (Table I ) which proved to be comparable to those obtained through linkage analysis.
The effect of EMB on Araf-chain elongation
The inclusion of EMB at 250 u,g/ml in assays containing acceptors 2 and 4 did not significantly reduce (<10%) arabinosyl transferase activity compared to control assays. TLC and glycosyl linkage analyses of the products showed no appreciable decrease in reaction products. Accordingly, ethambutol does not appear to affect the activity of the (}(1-»2) and ct(l->5) arabinosyl transferases.
Discussion
Neoglycolipids have been utilized as synthetic acceptors in a variety of glycosyl transferase assays (Palcic et al, 1994; Pohlentz et al, 1994 Pohlentz et al, , 1995 Pingel et al, 1995; Murray et al, 1996) . The length of the alkyl anchor, usually C8, is important to transfer efficacy in each of the systems, apparently because the acceptability of the acceptor is governed by its affinity for the acceptor binding site on the enzyme and its physical characteristics, such as solubility and critical micellar concentra- tion. Also, the use of O-dec-9-ene and methyl-10-O-decanoate anchors had little adverse effect on acceptor properties, while allowing for further chemical derivatizations, such as attachment of the unit to a polymer matrix to form a potential affinity column for enzyme purification (Palcic et al, 1994; Nikolaev et al, 1995) . According to the previous literature, there also seems to be little difference between the isosteric O-or 5-alkyl glycosides, presumably because there is little interaction between these elements and the enzymatic acceptor binding site. It should be noted that while these generalizations are valid for hexapyranosyl conjugates, they may not apply to pentafuranosides (Pingle et al, 1995) . A study of the acceptor properties of the synthetic pentafuranosides, 0-and 5-alkyl arabinosides 1-9, has shown that they can effectively replace the uncharacterized endogenous acceptors in a simple arabinosyl transferase assay based on synthetic DP[ 14 C]A as the [ 14 C]Ara/donor (Lee et al, 1995) . The optimum concentration for the a-D-Ara/-(l-»5)-a-D-Ara/-l-CHCH^CJ^ (4) acceptor was found to be 2 mM and activity stretched over a broad pH range. The enzymatic conversion of donor into final product, about 20%, was 4-fold higher than previously reported (Lee et al, 1995) . This assay is now amenable for purification of the P-D-arabinofuranosyl-1-monophosphoryldecaprenol: a(l-»5) arabinosyl transferase and p-D-arabinofuranosyl-1-monophosphoryldecaprenol: P(l-»2) arabinosyl transferase activities identified by this as- say and should allow for the development of high through-put screening of random compound combinatorial libraries, and natural products libraries to identify inhibitors directed against mycobacterial a(l-»5) and (3(1-»2) arabinosyl transferases. The issue of distinguishing between the two separate arabinosyltransferases may be further addressed through the synthesis of deoxygenated or fluorinated-based acceptors at the 5-OH or 2-OH positions of the terminal arabinose residue. The present results extend our knowledge of the biosynthesis of mycobacterial cell wall arabinans, in the implication that the terminal and internal arabinan motifs containing either 2-or 5-linked Ara/ may be formed as small oligosaccharides from the donor DPA, which then are either translocated or act as substrates for further glycosylation by a ct(l->5) arabinosyl transferase ultimately facilitating formation of ot(l->3) linkages to yield the mature arabinan portions of mAGP and LAM. The present assays, whether the disaccharide or trisaccharide acceptors were used, did not yield enzymatic products containing newly synthesized a(l-»3) Ara units, the only remaining Ara/configuration present in mAGP or LAM. It is possible that the acceptors thus far synthesized may be too small to act as substrates for the a(l-»3) arabinosyl transferase, or that these particular units arise in an as yet unidentified sugar nucleotide donor, or, alternatively, the ot(l-»3) arabinosyl transferase activity is destroyed or is absent from present preparations. The possibility of an alternative donor of these Ara units is attractive in light of the observations (Yokoyama and Ballou, 1989; Besra et al., 1997) that the ot(l->6) linear Man residues of mycobacterial lipomannan arise in p-D-mannopyranosyl-1-monophosphoryldecaprenol (DPM), whereas the branched a(l->2) residues come from GDP-mannose.
The present study also provides negative, yet supporting, evidence that the primary site of action of EMB is the mycobacterial ot(l->3) arabinosyl transferase. We recently concluded that the primary effect of EMB is on the polymerization steps in the biosynthesis of the arabinan components of mAGP, whereas the inhibition of the analogous components in LAM biosynthesis occurred later, suggesting the possibility of separate and distinct pathways (Mikusova et al., 1995; Belanger et al., 1996) . Moreover, while the synthesis of the arabinan segments of both mAGP and LAM in an EMB-resistant isogeneic strain appeared normal, the addition of EMB to the resistant strain resulted in partial inhibition of the synthesis of the arabinan of LAM, resulting in the emergence of novel truncated forms of LAM (Khoo et al, 1996) . Thus, the primary lethal effect of EMB is on the synthesis of the arabinan of arabinogalactan (AG), not LAM, and the subsequent structural analysis of the family of truncated LAMs from an EMB-treated strain of EMB-resistant M.smegmatis pointed specifically to a family of a(l-»3) arabinosyltransferases responsible for the copious internal 3-linked branches present within AG but not in LAM. The observations presented in this communication clearly support these earlier findings, in that EMB at 250 u.g/ ml did not significantly inhibit either of the a(l->5) arabinosyltransferase and P(l-»2) arabinosyltransferase activities. This issue can now be directly addressed through the synthesis of other acceptors and a variety of arabinose nucleotide donors.
Materials and methods
General M.smegmatis me 2 155, obtained from W. R. Jacobs, Albert Einstein College of Medicine of Yeshiva University, Bronx, NY, was grown to late log-phase and membrane fractions derived as described previously (Lee et aL, 1995) . Buffer A contained 50 mM MOPS, pH 7.9, 5 mM 2-mercaptoethanol, and 10 mM MgCl 2 . The majority of chemicals were obtained from the Aldrich Chemical Co. (Milwaukee, WI) and used without further purification. All fine biochemicals were purchased from the Sigma Chemical Company, St Louis, MO. DP[
I4 C]A and DPA were synthesized as described previously (Lee et aL, 1995) and stored in CHC1 3 :CH 3 OH:NH 4 OH (65:25:4) at 4°C. Percoll was obtained from Pharmacia, Sweden, and Nonidet P-40 was purchased from Boehringer Mannheim, Germany. Whatman disposable anion exchange (SAX) columns (1 ml and 5 ml) were purchased through VWR (Chicago, IL). Analytical TLC was performed on Merck Silica Gel-60 aluminum-backed plates. Autoradiograms were produced by exposure of TLC plates to Kodak X-Omat AR film at -70°C. "H NMR spectra were measured at 500 and 300 MHz, and I3 C NMR spectra at 75 MHz using CD 3 OD. ES-MS in the negative mode was achieved using CH 3 CN: CH 3 0H: H 2 O (40:40:20) as the eluenL Linkage analysis was performed as described previously 
Synthesis of O-and S-D-alkyl arabinofuranosides
Synthesis of the S-octyl monoarabinoside from peracetyl-Ara/ (Ferrier et al., 1980) resulted mainly in the a-glycoside, which was purified to homogeneity by silica gel column chromatography. The O-alkyl (C 6 -C 12 ) monoarabinosides were synthesized according to the procedure of Koltz and Schmidt (1994) using the 2,3,5-tri(«rt-butyl dimethylsilyl)arabinosyl protection strategy described by Lee et aL (1995) , which afforded the a and f}-glycosides in a 5:1 ratio as determined upon separation by silica gel chromatography. Only the a-glycoside was used in further experiments, since it was anticipated that it would be more active than the less abundant B-O-octyl monoarabinoside. Synthesis of the O-and 5-alkyl di-and triarabinofuranosides was based, on the procedures applied to the synthesis of a-L-Ara/-(l->5)-a-L-Ara/ methyl glycoside (Kawabata et aL, 1995) . The products (acceptors 1-7, Figure 1 ) were purified to homogeneity by TLC and analyzed: 1, 93.3, 88.4, 86.6. 85.7, 84.9, 81.3, 70.1, 65.6, 35.6, 34.6, 33.5, 32.9, 32.5, 26.3, 17 21. 112.16,93.2,88.4, 86.63, 86.57, 85.8, 85.6, 84.9, 81.7, 81.3, 70.7, 70.2, 65.6, 35.5, 34.5, 33.5, 32.9, 32.8, 32.5, 26.3, 17 2, 112.0, 88.4, 86.2, 86.0, 85.6, 81.6, 81.3, 71.5, 70.6, 65.6, 35.3, 33.2, 29.5, 26.2, 16.9; 2, 112.0, 88.4, 86.2, 86.0, 85.6, 81.6, 81.3, 71.5, 70.5, 65.6, 35.6, 33.2, 33.1, 33.0, 29.8, 26.3, 17.0; 1, 105.5, 88.5, 84.6, 81.41, 81.37, 80.1, 73.2, 71.8, 65.5, 35.6, 33.2, 33.0, 29.8, 26.3, 17.0; (75.5 MHz), d 142.7, 117.3, 112.2, 112.0, 88.4, 86.2, 86.0, 85.6, 81.6, 81.3, 71.5, 70.5, 65.6, 37.5, 33.2, 33.1, 32.7, 29.8; 2, 112.0, 88.4, 86.2, 86.0, 85.6, 81.6, 81.3, 71.5, 70.5, 65.6, 35.6, 33.3, 33.1, 33.0, 29.8, 26.3, 17.0 
; ES-MS (-ve), 449 (M-H).
The methyl glycosides, a-l>Ara/-(l->5)-a/B-D-Ara/"-l-OMe (acceptor 8) and a-r>Ara/-(l-»5)-a-D-Ara/-(l-»5)-a/f}-D-Ara/-l-OMe (acceptor 9), were synthesized according to the literature (Kawabata et aL, 1995) and yielded consistent Hata
Arabinosyl transfer assays
DP[
I4 C]A (400,000 c.p.m.; 180 mM) was dried under a stream of argon in a microcentrifuge tube (0.6 ml) which was then placed in a vacuum desiccator for 15 min to remove any residual solvent. Acceptor 4 (50 mM in H 2 O, 80 (xl) was added to the tube and the mixture sonicated to ensure a homogeneous suspension sufficient for ten assays. To each of 10 microcentrifuge tubes (0.6 ml) was added buffer A (82 uJ), acceptor/donor solution (8 JJLI). ATP (1 mM, 10 JJ.1), and membranes (Lee el al., 1995) suspended in buffer A (60 uJ). The reaction mixtures were incubated at 37°C for 1 h, followed by the addition of ethanol (160 uJ) and by centrifugation at 14,000 r.p.m.. The supematants were loaded directly onto Whatman strong anion exchange (SAX) columns (1 ml), which were washed with 3 ml each of ethanol/water (1:1) and ethanol (3 ml) and collected. The eluates were counted directly and subtracted from those of control assays (in which ethanol was added to reaction mixtures prior to membranes) to determine the extent of incorporation of [ 14 C]Ara/ or evaporated to dryness and then partitioned between the two phases of a 1:1 mixture of n-butanol and water, in which case the n-butanol phases were recovered and dried and the products were analyzed by silica gel TLC in CHCyCH 3 OH/ H 2 O/conc.NH 4 OH (65:25:2:2) followed by exposure to Kodak X-Omat film at -70°C for 48 h. TLC-autoradiography also allowed for the removal of reaction products from the plate for linkage analysis as described . This type of assay was also applied to establishing the optimum pH of the reaction.
For purposes of establishing the optimum acceptor concentration, a solution of Nonidet P-40 (16 (j.1, 10% w/v) and Buffer A (64 JJLI) was added to the microcentrifuge tube containing the dried DP[
14 C]A (400,000 c.p.m.; 180 mM) which was sonicated. Assays were performed in duplicate in 0.6 ml microcentrifuge tubes containing the donor solution (8 \ti), membranes (60 \tX), ATP (10 \i\, 1 mM), differing amounts (0, 1.6, 8, 16, 32 \ii) of acceptor compound 4(10 mM in H 2 O) and buffer A in a final volume of 160 (xl. Assays were also performed in duplicate, as described above, for acceptor compound 7 at a final concentration of 0.1 mM and 0.5 mM. The tubes were incubated at 37°C for 1 h, followed by the addition of ethanol, centrifugation, application to Whatman SAX columns and counting.
In order to compare the different acceptors in the arabinosyltransferase assay, microcentrifuge tubes each contained one of the appropriate acceptors (compounds 1-9) (8 (il of a 50 mM aqueous solution). The donor, solubilized m Nonidet P^0 (8 u.1, 40,000 c.p.m.; 18 mM), buffer A (74 p.1), ATP (10 u.1, 1 mM), and membranes (60 \ii) were added, and the reaction mixture was processed as described above.
To examine the effects of EMB on the arabinosyl transferase activity, duplicate assay tubes contained DP[ 14 C]A (400,000 c.p.m.; 180 mM) and acceptor 2 or acceptor 4 (50 mM in H 2 O, 64 p.1), buffer A (836 u.1), ATP (100 uJ, 1 mM), and membranes (600 |xl). EMB at a final concentration of 250 (ig/ml was added to one of the duplicate tubes. The reaction mixtures were processed and counted.
Analysis of reaction products
Large-scale reaction mixtures containing cold DPA (0.4 mg) and acceptor 2 or acceptor 4 (50 mM in H 2 O, 64 \il) and the other components were prepared and processed. The final uppeT saturated butanol phases were dried, applied to preparative TLC plates, developed in CHCl 3 /CH 3 OH/H 2 O/conc.NH 4 OH (65: 25:2:2), and sprayed with 0.01% 1,6-diphenylhexatriene in petroleum-ether/ acetone (9:1), and the products were localized under long-wave (366 run) UV light (Hyslop and York, 1980) . The plate was then re-developed in toluene to remove the reagent and the bands recovered from rhe plates by re-extraction with n-butanol ( 3 x 5 ml). The combined butanol phases were washed with water previously saturated with butanol and the dried samples subjected to 'H-NMR, ES-MS and glycosyl linkage analysis as described .
